Aromatase is expressed in multiple tissues, indicating a crucial role for locally produced oestrogens in the differentiation, regulation and normal function of several organs and processes. This review is an overview of the role of aromatase in different tissues under normal physiological conditions and its contribution to the development of some oestrogen-related pathologies.
Introduction
Oestradiol, the most active member of the group of hormones known as oestrogens, is crucial for the normal function of a broad range of cells and organs. All oestrogens are synthesised from androgen precursors by a unique enzyme called aromatase, more specifically classified as cytochrome P450 aromatase (CYP19a1). Aromatase uses the androgenic substrates androstenedione, testosterone and 16-hydroxytestosterone with high specificity, and converts them to their respective oestrogens:
oestrone, oestradiol and oestriol. Because both the substrates and the products of this enzyme are powerful hormones, alterations in its activity have profound effects on oestrogen and androgen physiology.
The expression of aromatase in the ovary plays an important role in the regulation of the reproductive cycle in females. Aromatase is also expressed in the male gonad; however, in contrast to its key role as an endocrine coordinator in females, in males, the paracrine effects of aromatase products are essential for normal spermatogenesis. In both sexes, aromatase is found in a number of extragonadal sites, including bone, breast, adipose tissue and brain. This tissue-specific expression of aromatase maintains tight local control over the synthesis and action of oestrogens. In this context, aromatase converts circulating 'pro-hormones', i.e. androgens, into oestrogens, which then act locally to regulate tissue function. Of course, the expression of aromatase would be meaningful only if the appropriate substrates are provided to/by the tissue where the enzyme is expressed. Similarly, local production of estrogens needs to be coupled with the expression of estrogen receptors to make estradiol actions possible.
The focus of this review is to provide an integrated overview of aromatase expression in different tissues and briefly describe the significance of local oestrogen synthesis. Therefore, the tissue-specific mechanisms that control aromatase expression will not be examined. Several excellent reviews on this subject have recently been published [1] [2] [3] [4] .
Ovary
In the ovaries of sexually mature animals, aromatase expression is limited to differentiated preovulatory granulosa cells and luteal cells. Interestingly, these cells represent two different stages of differentiation of a unique cell, the granulosa cell. Undifferentiated granulosa cells of preantral follicles do not express aromatase. The growth and maturation of preantral follicles to the preovulatory stage is accompanied by the differentiation of granulosa cells and the induction of aromatase ( Fig. 1A and 1B) , both processes which are stimulated by follicle-stimulating hormone (FSH). After ovulation, however, aromatase is rapidly downregulated as granulosa cells differentiate again, this time into luteal cells.
Luteal cells regain aromatase expression during the luteal phase in several species, including primates and rodents ( Fig. 1C and 1D ).
In preovulatory follicles, aromatase expression is controlled in a cell-specific, temporal, and spatial manner, resulting in a gradient of expression where aromatase is high in mural cells at the outer edge of healthy follicles, but is absent in cumulus cells [5, 6] . The physiological implication of this differential expression is not yet clear. In cumulus granulosa, aromatase is silenced by oocyte-derived compounds such as bone morphogenetic protein 15 (BMP-15) [7] and growth differentiation factor-9 (GDF9) [8, 9] .
Supporting an inhibitory role of the oocyte, GDF9-deficient mice show premature induction of aromatase in preantral follicles [10] . Therefore, the negative effects of oocyte-derived factors and the stimulatory effect of FSH establish the gradient of expression along the granulosa cell layer of preovulatory follicles [reviewed in 11].
Locally produced oestrogens stimulate granulosa cell proliferation and facilitate FSH and LH actions in a paracrine/autocrine manner [12] . One of the main effects of oestradiol is to enhance FSHinduced aromatase expression [13, 14] . This effect of oestradiol was clearly demonstrated in aromatase and oestrogen receptor (ER)ȕ knockout mice. In the aromatase knockout (ArKO), follicle development is arrested at a stage before ovulation and no corpora lutea are formed [15] . Moreover, although ArKO mice contain follicles at all stages of development, antral follicles are abnormal, presenting blood-filled antra and high levels of apoptosis in granulosa cells [16] . In ERȕ knockout mice, on the other hand, antral follicles are normal, but aromatase expression is significantly decreased [17] . In the ovary, the substrate for aromatase is produced by the theca cells of the follicle. Theca cell-derived androgens are also directly involved in the regulation of this enzyme. Thus, it has been recently demonstrated that testosterone stimulates aromatase expression in the absence of FSH, an effect that does not depend on aromatisation [18] .
On the other hand, the timely expression of aromatase in the ovarian follicle is also responsible for the cyclic changes in serum oestradiol levels. These changes modulate the structure and function of the female reproductive tract, including the oviducts, the uterus and the vagina. These endocrine actions are essential for oocyte survival, fertilisation and implantation [19] . Fluctuations in circulating oestradiol also establish the characteristic female pattern of gonadotropin secretion from the pituitary gland. More importantly, the strong expression of aromatase in preovulatory follicles leads to the generation of the surge of luteinising hormone (LH), which triggers ovulation [20] . Therefore, the welltimed and cell-specific expression of aromatase in the ovary is crucial for the autocrine regulation of folliculogenesis, the endocrine control of the female reproductive tract and the coordination of gonadotropin secretion.
Placenta
In addition to the ovary, aromatase is highly expressed in the placenta of humans and non-human primates [21] . In fact, the foetal-placental unit becomes the primary source of oestrogen production during pregnancy making ovarian steroidogenesis unnecessary. The placental precursor cells, i.e. trophoblast and cytotrophoblast cells, do not express aromatase. The syncytiotrophoblast formed from the fusion of cytotrophoblast cells expresses aromatase and becomes a highly active endocrine gland (Fig. 1I) . A key and immediate endocrine role of the syncytiotrophoblast is the secretion of human chorionic gonadotropin (hCG), which maintains luteal oestrogen and progesterone production during early pregnancy [22] . Approximately two months into pregnancy, the placenta takes over steroid production. The increase in oestrogen synthesis in the placenta is due to the activation of the promoter I.1 of the aromatase gene [23] .
Similar to the ovarian granulosa, oestrogen synthesis by the syncytiotrophoblast requires an external source of androgens, which in this case is provided by the adrenal gland of the foetus. Thus, exclusively in primates, a joint venture is formed between the foetal adrenal gland and the placenta to produce extremely high levels of oestrogens. The foetal adrenal gland produces dehydroepiandrosterone (DHEA) and DHEA-sulphate (DHEAS) abundantly [reviewed in 24] . DHEAS is either 16Į-hydroxylated in the foetal liver before being converted to oestriol, or directly converted to oestrone and oestradiol in the placenta [25] . As such, the foetal-placental unit produces 90% of the oestriol and about half of the oestrone and oestradiol present in maternal circulation.
The expression of aromatase seems to be essential for the functional differentiation of the syncytiotrophoblast. Thus, in the baboon, serum oestradiol levels during pregnancy are associated with a corresponding rise in low-density lipoprotein uptake and P450 side chain cleavage expression in the syncytiotrophoblast. These effects of locally produced oestrogens ensure high levels of progesterone biosynthesis, which are needed for the maintenance of pregnancy. Placental oestrogens also stimulate the expression of 11ȕ-hydroxysteroid dehydrogenase, which is necessary for the maturation of the foetal hypothalamic-pituitary-adrenocortical axis. Similar effects have been described in human syncytiotrophoblast cells in vitro [see 22 for review]. Finally, placental oestrogens enhance uteroplacental blood flow and placental neovascularisation to provide the optimal exchange of gases and nutrients required for the rapidly developing foetus [26] . This evidence shows that aromatase expression in the placenta is important for placental growth, implantation and embryo development. In baboons, these effects are evidenced by foetal loss resulting from exposure to aromatase inhibitors [27] . However, despite very low levels of oestrogen, pregnancy is not interrupted in all animals treated with aromatase inhibitors, suggesting that placental aromatase is not essential for the development of the foetus. This conclusion is supported by successful pregnancies in women with unusually low oestrogen levels as a result of sulphatase or aromatase deficiencies [28, 29] .
Placental aromatase is critical, however, for the differentiation of the female external genitalia, because it protects the foetus from the virilisating effect of foetal androgens. Placental aromatisation also prevents the build-up of high levels of androgens in maternal circulation. Thus, in mothers carrying foetuses with congenital aromatase deficiency, the overload of androgens causes maternal androgenisation and hirsutism; however, these symptoms rapidly disappear after delivery [30] . In contrast, female foetuses exposed to excessive androgens during development have impaired differentiation and permanent defects in external genitalia. Thus, aromatase-deficient newborn females display various degrees of external genital ambiguity and pseudohermaphroditism [29] . In contrast, aromatase-deficient newborn males do not show obvious defects at birth and are diagnosed much later in life due to skeletal abnormalities (see below).
Although high levels of androgens do not affect ovarian development, ovarian physiology seems to be affected after birth and during adulthood. As early as the first or second year after birth and in the prepubertal years, aromatase-deficient girls develop ovarian cysts similar to those found in polycystic ovarian syndrome [31] . The formation of these cysts seems to be facilitated by the high levels of androgens and gonadotropins, particularly FSH, found in these patients [29] .
The presence of aromatase in the placenta seems to be limited to primate and ungulate (hoofed) species [32] . Although, aromatase mRNA has been detected in mouse placenta [33] . Interestingly, aromatase has recently been shown to be expressed in the decidua of mice [34] , suggesting that the intrauterine production of oestrogens is also important for normal implantation and foetus development in rodents. Similarly, to primates, aromatase expression in mice decidua seems to be critical for uterine differentiation and angiogenesis during early pregnancy [34] .
Testis
In males, oestradiol is present at low concentrations in blood, but it is extraordinarily high in semen, where its concentration could be higher than in the serum of females [35] . Testes produce significant quantities of oestradiol attributable to the expression of aromatase in several cell types. In rodents, aromatase activity is high in Sertoli cells before sexual maturity, but becomes more prominent in Leydig cells is adult animals [36] . In humans, both Leydig and Sertoli cells produce oestrogens in vitro [37] .
Aromatase activity has also been demonstrated in spermatogenic cells of several species, including humans ( Fig. 1E ) [38] . Moreover, spermatozoa express aromatase and actively synthesise oestrogens within the lumen of the epididymis [39] . Therefore, the same sperm serve as the source of oestrogens that target oestrogen receptors present in efferent ductules and epididymal epithelia. In aromatase-null males, testicular morphology appears to be normal in young animals, but age-dependent disruption of spermatogenesis, spermatid degeneration, reduction in testis weight, and hypertrophy of Leydig cells have been described, indicating a crucial role of aromatase in normal spermatogenesis [for review see 40] .
Several studies have clearly established an association between aromatase and sperm count and motility. Lower sperm concentration and motility have been associated with aromatase polymorphisms causing low enzyme activity in normozoospermic men [41] . Decreased sperm motility is common in aromatase-deficient men and in aromatase knockout mice [42] . Additionally, spermatozoa of asthenospermic, teratospermic and asthenoteratospermic patients exhibit decreased aromatase expression [43] . In aromatase-deficient adult men, spermatogenesis varies from normal to highly reduced (hypospermatogenesis) [44] . In fact, it has been proposed that the quantification of aromatase in ejaculated sperm could be used as an indicative parameter of sperm function and spermiogenesis to evaluate male infertility [37, 43] . More strikingly, in ejaculated spermatozoa, aromatase localises to the midpiece, the tail, and the annular region located at the limit between the acrosomal membrane and the nucleus [38, 43] . More importantly, aromatase in human spermatozoa is still active after ejaculation [45] . The dual localisation of aromatase at the acrosomal membrane and the midpiece, along with the presence of oestrogen receptors in sperm [46] , provides evidence for a potential role of oestradiol in energy production, motility, capacitation and acrosomal reaction [40] . Because of the transcriptionally inactive chromatin of the spermatozoa, oestrogens may regulate its function via rapid non-genomic effects [38] .
Oestrogens play an important role in epididymal function and sperm maturation [35, 47, 48] . Not surprisingly, aromatase is also expressed in the epithelial cells of efferent ducts and in the proximal caput epididymis (Fig. 1F) [49, 50] . Therefore, in the epididymis there are multiple sources of oestrogen, including the epididymis itself, as well as the sperm, which function as a mobile source of oestrogens.
In conclusion, in contrast to the restricted expression of aromatase in the ovary, where it is found only in granulosa and luteal cells; this enzyme is widely expressed in the testis and accessory glands.
The wide distribution of aromatase in the male gonads is essential to maintain the high levels of oestradiol needed for normal spermiogenesis, sperm maturation, sperm motility and possibly acrosomal reaction. More detail on the role of oestrogens in the regulation of the male gonad can be found in recent reviews [38, 40] .
Prostate
Undoubtedly, androgens play a critical role in normal growth, development and maintenance of the prostate. The prostate, however, also expresses aromatase [51, 52] . In the human prostate, for instance, aromatase immunoreactivity has been found in the cytoplasm of luminal cells as well as stromal cells (Fig. 1H ) [53] , although there is some controversy regarding its presence in luminal/epithelial cells [54] . These findings indicate that locally produced oestrogens are involved in the regulation of this gland. In fact, it has been demonstrated that adequate testosterone:oestradiol (T:E) ratios are necessary for prostate normal function, whereas high T:E ratios lead to hypertrophy and hyperplasia of the prostate [reviewed in 55]. These findings are supported by the fact that ArKO mice develop non-malignant prostate hyperplasia in adult life [56] . On the other hand, increased local production of oestradiol is common in malignant disorders of the prostate [54, 57] . High levels of oestrogen and aberrant ER signalling promote inflammation, which has been implicated in the development of prostate cancer (PCa), one of the most common diseases affecting males [58] .
Normal prostate stromal tissue expresses aromatase via promoter II (PII), but in PCa there is an induction of epithelial expression of aromatase due to the activation of alternative promoters [54] . 
Brain
After the identification and isolation of gonadal steroid hormones in the first half of the 20th century, one of the most intriguing findings was the fact that the 'typical female hormone' oestradiol could trigger copulatory behaviour in male rats [for a review see 59]. One possible answer to this baffling observation was provided by the discovery of aromatase expression in the brain of rats [60] . These findings led to the hypothesis that, in males, testosterone is a 'pro-hormone' that is metabolised in the brain into oestradiol, which in turn regulates male behaviour. This conclusion was further supported by the following findings: i) blocking aromatase activity blocks the male-typical sexual behaviour and ii) administration of oestrogens directly into the brain can set in motion male-typical sexual behaviour in castrated animals [for review see 61] . It is now well recognised that the local production of oestradiol in the brain plays a pivotal roles in the gender-specific brain development of most vertebrates, and participates in numerous functions of the adult central nervous system such as gonadotropin secretion, neural plasticity, response to injury and synapses [62] .
Aromatase has been found in the brain in all vertebrates, from fish to primates. Aromatase was first found to be highly expressed in brain regions involved in reproductive functions, such as the hypothalamus [60] . Aromatase activity is highest within specific subregions of the neuroendocrine brain, which include the nucleus of the posteromedial amygdala, encapsulated region of the bed nucleus of the stria terminalis (BNST), ventrolateral portion of the ventromedial hypothalamic nucleus and central component of the medial preoptic nucleus [63] . These endocrine neural circuits contain an overlapping distribution of cells containing androgen-and oestrogen-receptors [64] . In addition, the hippocampus, regions of the cerebral cortex, midbrain, spinal cord and cerebellum also express aromatase [63] . In primates, aromatase has been found in CA1-3 pyramidal cells of the hippocampus, as well as in pyramidal cells in the neocortex (Fig. 1J-M) [65, 66] . A summary of the pattern of aromatase expression in the human brain with particular emphasis on non-primary reproductive areas was recently published [67] .
In non-human primates, as well as several other vertebrate species, aromatase protein is located in both neuronal cell bodies and pre-synaptic terminals. This later localisation suggests that aromatasegenerated oestrogens can also act in a paracrine manner on adjacent cells. In fact, a putative role for oestradiol as a neurotransmitter has been proposed [see review in 68] . Aromatase has also been shown to be expressed in cortical astrocytes in response to brain injury [69] . The prevalent expression of aromatase in the brain emphasises the importance of the local production of oestrogen in not only the regulation of reproductive processes, but also in other neural functions such as behaviour, cognition, memory and recovery from injury. We will briefly describe some of these functions. We will not describe the complex role that oestrogens have in the regulation brain function: Several reviews in this area have been recently published [62, 63, 70] .
Reproductive effects: Oestradiol secretion by ovarian granulosa cells plays a key role in the cyclic and biphasic regulation of gonadotropin levels in females [71] . In males, gonadotropin secretion is controlled by testis-derived testosterone [72] . Interestingly, in primates, inhibition of aromatase activity results in a significant increase in both LH and FSH [72, 73] . Accordingly, aromatase-deficient men [74] and mice [15] exhibit elevated levels of gonadotropins despite high circulating testosterone.
Moreover, in monkeys, non-aromatisable androgens are ineffective in decreasing LH after castration [72] . These findings suggest that in some species aromatase is an important component of the negative feedback loop controlling gonadotropin secretion. However, there are significant discrepancies on the relative role of testosterone and oestradiol in the regulation of gonadotropins between species [75 and references therein]. In brain areas involved in the regulation of reproduction, the expression of aromatase is hormonally regulated. In rodents, for instance, aromatase in the hypothalamus decreases after gonadectomy but remains unchanged in the limbic system [76] . This observation suggests that there are at least two populations of aromatase-positive cells in the adult brain: a steroid-dependent and steroid-independent population. In fact, similar to ovarian granulosa cells [18] , in the brain, androgens are not only used as raw material for oestrogen synthesis, but also exert stimulatory effects on aromatase expression [72] .
Behaviour: Aromatase also participates in the sexual differentiation of the brain. In mammals, sex differences in brain structure and function are programmed by exposure to testosterone during a critical period in perinatal development [77] . In this context, it is known that the brain develops as male when exposed to testosterone produced by the developing testis and as female in the absence of such exposure [78] . Paradoxically, early observations showed that oestradiol is as effective as testosterone in the masculinisation of rat behaviour, whereas non-aromatisable androgens cannot replace testosterone [79] suggesting that oestrogen biosynthesis in the brain is necessary for normal sexual behaviour in males [61, 70] . Accordingly, most sexually dimorphic areas of the brain, especially in the rat, contain substantial levels of both aromatase and oestrogen receptors [80] . Moreover, male copulatory behaviour is severely impaired in male ArKO mice, a defect that cannot be corrected by testosterone alone but the combined treatment with oestradiol and dihydrotestosterone almost completely restored copulatory behaviour [81] . Species differences, however, may exist in the extent to which neural aromatisation is required to maintain male sexual behaviour; for instance, men with congenital aromatase deficiencies are uniformly heterosexual [for review see 80] . On the other hand, estradiol may directly contribute to female-typical sexual differentiation. Hence, ArKO females show less lordosis behaviour and little motivation to investigate olfactory and visual cues from either an oestrous female or an intact male [70, 82] .
Estradiol is may also be involved in the regulation of compulsive behaviour in males. For instance, only male ArKO mice develop obsessive-compulsive-like behaviour including excessive barbering, wheel-running and grooming activities [83] . This role of estradiol in supported by evidence showing that male but not female ArKO mice display apoptosis in the medial preoptic area that is involved in the regulation of grooming in mice [84] .
Neuroprotection: An increase in aromatase expression is part of the program triggered by neural tissue to cope with neurodegenerative insults. Elevated local oestrogen levels interfere with apoptotic pathways and ultimately decrease the extent of brain damage. There is also evidence suggesting that aromatisation may stimulate cytogenesis. Thus, aromatisation may provide neuroprotection by decreasing degeneration and stimulating repair [for review see 85] . In contrast to the neuroendocrine roles of aromatase in neurons, protective effects are mediated by glial cells (mainly astrocytes), which start expressing aromatase around the site of brain damage [86] . Thus, brain damage stimulates aromatase expression in astrocytes of many brain areas, including the hippocampus, striatum, cortex and corpus callosum [69, 87] . Testosterone also stimulates neuronal survival [88] ; however, the nonaromatisable androgen, DHT, has no effect on reactive astrogliosis, suggesting that the role of testosterone in regulating reactive astrogliosis is due to the conversion to oestradiol by aromatase [89] .
This conclusion is further supported by the observation that mice null for the aromatase gene are more vulnerable to excitotoxic brain damage than wild-type animals [90] .
Bones
Androgens as well as oestrogens are important for the maintenance of the skeleton in both sexes [91] . Whereas both androgens and oestrogens can be taken from the circulation, oestrogens are also produced locally in bone due to the expression of aromatase (Fig. 1G) [92] . In fact, aromatisable androgens are more effective in preventing bone loss in gonadectomised rats than non-aromatisable androgens [review in 93] . Therefore, it is accepted now that androgens exert a dual action on bone: a direct one via androgen receptor activation and an indirect one involving the activation of oestrogen receptors after aromatisation [94] .
The important role of aromatase in bone physiology is clearly shown in clinical studies of men with aromatase mutation or in aromatase-deficient mice. In both cases, the lack of adequate aromatase activity results in reduced bone density [95] [96] [97] . In fact, skeletal abnormalities including tall stature and unfused epiphysis are usually the first symptoms observed in aromatase-deficient men [29] . Moreover, aromatase transcript levels are lower in bone and osteoblast cultures from patients with osteoarthritis than in healthy patients [98] . Interestingly, mice show sexually dimorphic difference by which aromatase deficiency resulted in loss of bone density; in males, aromatase deficiency leads to suppression of bone formation whereas female ArKO mice show and increase in bone turnover [99] .
Transgenic mice expressing high levels of aromatase in osteoblast cells further support a role for aromatase in bone growth. In these animals, high local oestrogen concentration increases bone mass without augmenting serum oestradiol levels [100] . These studies suggest that reduced expression of aromatase in bone could facilitate the development of bone pathophysiology, including osteoarthritis.
Increased bone resorption has been observed in postmenopausal women receiving aromatase inhibitors [101] , suggesting that low residual oestrogen levels, produced locally or provided by the adipose tissue (see below), are important to maintain normal bone function and structure. Accordingly, aromatase inhibitor therapy of cancer patients represents an important clinical challenge because of the associated reduction in bone mineral density and increased fracture rates [102] .
Adipose tissue and Metabolism
The main site of oestrogen biosynthesis in the non-pregnant premenopausal woman is the ovarian granulosa cells; however, the adipose tissue becomes a major source of circulating oestradiol in postmenopausal women. After menopause, androstenedione, secreted by the adrenal gland, is converted into oestrone in the adipose tissue [103] . Oestrone is then eventually converted to oestradiol by 17ȕ-HSD enzymes present in peripheral tissues [104] . Pioneering studies in the 1970s showed that conversion of plasma androstenedione to oestrone increases with excess body weight in both pre-and postmenopausal women [105 and reference therein]. Accordingly, aromatase activity has been detected in stromal cells of human subcutaneous adipose tissue [106] . In these cells, aromatase activity is stimulated by glucocorticoids, cytokines and tumour necrosis factor (TNF)-Į via activation of a distal promoter I.4 [reviewed in 107]. Recent evidence indicates that aromatase is also expressed in the adipose tissue of mice via activation of promoter I.4 [33, 108] .
In humans, it has been clearly shown that the activity of aromatase in subcutaneous adipose stromal cells, as well as aromatase mRNA levels in the adipose tissue of the buttocks, thighs, and abdomen increase with advancing age [109, 110] . These results led researchers to propose that the increase in aromatase expression in fat produces sufficient quantities of oestrogen to prevent bone loss associated with aging (see above) or to contribute to endometrial hyperplasia or breast cancer in women (see below).
Oestrogens play an important role in lipid metabolism. It is well documented that there are sex differences in the pathophysiology of obesity, metabolic disorders, body fat distribution and the prevalence of early insulin resistance and glucose intolerance. The metabolic effects of oestrogen are mostly mediated via the regulation of glucose homeostasis in the skeletal muscle and liver, via modulating insulin production in pancreatic ȕ-cells and via regulation of energy balance at the hypothalamus, where it decreases food consumption and increases activity and energy expenditure [for review see 111] . Not surprisingly, aromatase knockout mice develop an age-dependent increase in intra-abdominal adiposity, which is associated with hyperplasia and hypertrophy of adipocytes and a decrease in lean mass [112, 113] . These animals also develop hypercholesterolaemia, hyperleptinaemia and insulin resistance. Body fat is also increased in ERĮ knockout mice [114] . In humans, aromatase deficiency often leads to impaired lipid metabolism, insulin resistance and type II diabetes; these conditions are usually improved by oestrogen treatment [for review see 115] .
Oestradiol plays an important physiological role in regulating lipid metabolism directly in adipose tissue. Thus, oestrogens stimulate adipose tissue lipolysis via the activation of hormone-sensitive lipase and reduction of lipogenesis by decreasing activity of lipoprotein lipase [reviewed in 111] . Oestradiol also increases the proliferation of adipocyte precursors [116] , suggesting the anti-lipogenic and prolipolytic action of oestrogens in adipose tissue, which may decrease fat accumulation. However, the role of locally produced oestrogens in the regulation of body fat is not clear. For example, after ovariectomy in rats [117] or menopause in women [109] , there is an increase in abdominal fat content despite the increase in aromatase expression in the same tissue. This observation suggests that local production of oestrogen may not be enough to decrease fat accumulation. However, the expression of aromatase makes the adipose tissue an important source of oestrogens, which play a role in cancer initiation. In fact, oestrogens have long been considered to be a major link between body fat and tumour induction and progression [110, 118, 119] .
Breast Cancer and Endometriosis
Oestrogens are crucial for the normal development and maintenance of the breasts and the uterus.
Unfortunately, oestrogens can also be harmful due to their ability to promote cell proliferation, which may also increase a woman's chance of developing breast and uterine cancer [1] , as well as endometriosis [120] . Because of the vast literature on oestrogens and cancer biology [for review see 4, 121] , concepts suggesting a role for aromatase in cancer development will be described only briefly.
Breast cancer: As in adipose tissue, stromal cells of disease-free breast express low levels of aromatase. However, malignant breast cancers produce large amounts of oestrogens due to high levels of aromatase [4] . This increase in aromatase expression correlates with a switch in the promoter used to drive the aromatase gene. In normal conditions, the low activity of the distal promoter I.4 maintains expression to a minimum; in cancerous tissue the activation of the strong ovarian proximal promoter I.3 and II significantly increases the expression of this gene [122] .
Aromatase has been clearly localised to both the malignant epithelial cells and surrounding fibroblasts in breast tumour tissues (Fig. 1N-K) [123] . Although there is some controversy as to whether adipocytes cells also contribute to oestrogen production, the fibroblast layer surrounding breast tumours accounts for the majority of aromatase expression [123] . The activation of the Cyp19 gene in fibroblasts was proposed to be due to the secretion of prostaglandin E2 (PGE2) from malignant epithelial cells [4] ; however, proof of this mechanism in vivo has not been provided. Recent evidence suggests that obesity-induced inflammation leads to the local production of proinflammatory mediators such as TNF-Į and interleukin-1ȕ, which in turn induce aromatase expression in pre-adipocyte fibroblasts [124] . Independently of the source, oestrogen production in malignant epithelial cells contributes significantly to tumour growth in the breast. The clinical relevance of these findings is exemplified by the successful use of aromatase inhibitors to treat breast cancer [125] .
Endometriosis:
Endometriosis is also an oestrogen-dependent disease in which local production of oestrogens plays an important role in the growth of the endometriotic tissue [reviewed in 126] .
Aromatase is present in endometriotic plaque, enabling this tissue to synthesise its own oestrogens, which in turn stimulates growth [127, 128] . The differential expression of aromatase between normal endometrium and endometriotic plaque seems to be due to the absence or presence, respectively, of the transcription factor steroidogenic factor 1 (SF-1). Methylation of the SF-1 promoter in the normal endometrium seems to silence the expression of this gene [129] . Similarly to breast cancer, aromatase expression in endometriotic plaque is stimulated by PGE2 [130] .
Conclusions
In mammals, birds, amphibians, reptiles and fishes, aromatase is expressed in multiple tissues indicating a crucial role for locally produced oestrogens in the differentiation, regulation and normal function of several organs and processes. The importance of the local production of oestradiol is underscored by the evolutionary strategies that lead to the tissue-specific expression of aromatase.
This strategy uses local signals to activate alternative promoters in a timely and cell-specific manner.
This allows oestrogen actions to be confined to a small group of cells without affecting the concentration of this steroid in circulation. Without these mechanisms, the involvement of oestradiol in such dissimilar processes as the maintenance of bone mass, neuroprotection, sperm production and maturation, neural plasticity and adipogenesis would not be possible.
Understanding these signals is of great importance because they offer invaluable therapeutic opportunities for the treatment of oestrogen-dependent disorders, as well as for the improvement of oestrogen tissue-specific functions. For instance, the development of osteoblast-specific inducers of aromatase might provide a means to stimulate bone mass without systemic adverse effects. Similar strategies could be used to increase oestrogen production in the brain and testis. On the other hand, pharmacological inhibition of the aromatase promoter used in tumours could be of great help to limit the proliferative effect of oestradiol and incite tumour regression without affecting the physiological actions of this steroid in normal tissues. 
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